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Abstract: This paper presents a new analysis of optical sensors based on surface plasmon resonance
(SPR) phenomenon and nematic liquid crystal (LC) sensitive layer in the partially ordered state.
In particular, the paper studies the influence of degradation in the LC ordering state on the behavior
of the plasmon resonance parameters. The degradation in the LC ordering is represented by the
order parameter. The explicit treatment of the order parameter is critical when trying to differentiate
between a change in alignment and a degradation of alignment in LC in response to the presence of
an external stimulus in LC based sensors. When a reduction in ordering occurs, ignoring the order
parameter can produce misleading results. This sensor has potential applications in chemical and
biological systems. The paper presents a tracking method for the state of alignment and degree of
ordering of the partially ordered LC film. This can be achieved via the SPR propagation constant and
the critical angle at the interface between a metal and an LC film.
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1. Introduction

Recently, liquid crystal (LC)-based sensors have been proven to be successful in sensing and
identifying toxic chemicals, explosive and radioactive materials, and biological agents at very low
levels in gasses and liquids, and on surfaces in real time [1-6]. In these sensors, the molecular alignment
in the LC film is altered in response to some environmental conditions or external stimuli. For most
biochemical sensors, the orientational behavior of liquid crystals near surfaces is exploited. Due to the
collective behavior of molecules forming LCs, a change in the structure at the surface caused by the
binding of a chemical or biological agent is amplified into a significant change in the average molecular
alignment of the LC film. These changes in the molecular alignment could be associated with changes
in the surface anchoring energy and molecular degree of ordering [6].

An example of using LC in sensing applications is the work done by researchers from the
University of Wisconsin-Madison [7,8]. In these research efforts, researchers reported several cases
and experiments in using LC in sensing applications. In [7], the authors performed an experiment in
detecting vapor-phase Dimethyl methylphosphonate (DMMP) by monitoring the intensity of polarized
light transmitted through 4’-pentyl-4-cyanobiphenyl (5CB) liquid crystal film. The substrate holding
the LC was treated with copper perchlorate (Cu(ClOy);) layer (a receptor) to homeotropically align
the 5CB molecules. When the DMMP gas diffuses through the LC, it will disrupt the LC homeotropic
alignment (creating a weak partially ordered LC film) and then bind to the receptors. In [8], the authors
reported different cases for LC alteration in response to external stimuli. For example, a homeotropic
alignment of LC will change to homogeneous alignment in detecting part-per billion concentration
of Dimethyl methylphosphonate (DMMP). Another example is when a homogeneous alignment at
a given angle will rotate to a homogeneous alignment at a different angle.
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In the LC-based sensors, optical transduction techniques are common in sensing the deformations
within the LC material. Some of these transduction techniques allow detecting the average deformation
and monitoring the molecular alignment along with the degree of ordering. Optical transduction
requires the targeted behavior to be transduced into measurable optical quantities. Some of these
LC optical sensors utilize visual inspection. In this case, an optical microscopy is used to sense the
deformation within the LC material without having the ability to identify and track the average
deformation. Another approach used in detecting the LC deformation is achieved by capacitive
transduction techniques. In a previous effort, the author and others have demonstrated a novel
capacitive transduction technique to monitor these LC deformations [5]. In capacitive transduction
methods, when the director axis orientation alters, the electrical properties of the LC change and the
capacitance will change accordingly. The capacitive method has also been proven to have the capability
of tracking the LC director and degree of ordering. In this paper, we switch to an alternative optical
transduction technique that utilizes surface plasmon resonance (SPR) phenomenon at metal/dielectric
interface. In particular, LC will be used as the dielectric material utilized in the sensing approach.

The surface plasmon resonance phenomenon has been studied intensively in the literature [9,10].
SPR has been involved in many applications in engineering, biotechnology, and other life science
disciplines. In the past two decades, SPR had played a vital role in many promising sensing applications
in biological and chemical systems [11-15]. Recently, LC coupled with SPR phenomenon has been
widely utilized in sensing applications. These sensors have been proven to be superior to the
conventional SPR sensors with the dielectric being an isotropic material [16]. For example, an LC
filled fiber SPR temperature sensor was used in [17] as a thermometer in the range of 20-50 °C .
A wavelength shift of more than 46 nm was caused by the transition between the nematic and isotropic
phases. In another example, the phase transition from nematic to isotropic caused by temperature is
used to sense even the small changes in an analyte’s concentration [18]. The threshold concentration is
achieved by shifting the clearing point of the LC to optimal concentration sensitivity.

Switching to optical transduction using SPR-LC sensors offers some remarkable advantages. First,
it provides greater insight into the fundamental deformation occurring in the LC film due to the
presence of external stimuli such as chemical and biological agents. Second, the proposed SPR-LC
sensor does not require visual inspection; therefore, a simpler system with autonomous operation and
reduced possible false alarms are achievable. Third, this sensor offers the ability to identify and track
the average LC deformation and is capable of providing information about the order parameter in
partially ordered LC phase. These advantages and others provide a compelling argument to investigate
the SPR-LC sensing approach.

In the conventional analysis of SPR-LC, the LC material is treated in the ordered anisotropic phase.
This will allow in detecting the average deformation and in some cases monitoring the molecular
alignment of the LC film without explicitly treating the influence of the change in the degree of
ordering. In this research paper, we propose an optical transduction technique that utilizes LC in
partially ordered and fully ordered phases along with SPR configuration. This method has the potential
to identify and track the LC profile deformations (the average LC director as well as the ordering
degree) rather than merely sensing the LC director alteration. Studying SPR-LC sensors with the
explicit treatment of the ordering degree is significant; as it helps in tracking the LC profile deformation
in LC-based sensors when the molecular degree of ordering is distorted. Explicit treatment of the order
parameter is critical when trying to differentiate between a change in alignment (average director
deformation) and a degradation of alignment (loss in entire uniaxial structure). When a reduction in
ordering occurs, ignoring this parameter can produce misleading results.



Photonics 2017, 4, 24 30f10

2. SPR-LC Sensor Fundamentals and Analysis

2.1. The Fundamentals

A conventional Kretschmann configuration SPR sensor consists of a prism with a thin metal
film deposited on the prism, typically gold or silver, and an optical dielectric sensitive layer on the
top of the metal film. Gold is more common as it exhibits significantly more absorption than silver
and easier to functionalize. These sensors are capable of sensing remarkably small changes in the
dielectric constants of this sensitive layer. Biomolecular interactions on thin dielectric layers may cause
changes to the refractive index of the dielectric material at the metal/dielectric interface. Consequently,
the dispersion of the propagating SPR will change, without affecting the biomolecular interactions.
These interactions can then be monitored by tracking the changes in the dielectric material.

The proposed SPR-LC sensor utilizes nematic liquid crystal as the dielectric sensitive layer coating
the metal film. For example, in Figure 1a, the receptors will homeotropically align the LC molecules
in the absence of external stimuli (in this case, the biological or chemical agents). In general, the LC
homeotropic alignment may or may not be a perfectly ordered film. Although the director axis defines
the average orientation of molecules in the nematic phase, it provides no information regarding the
degree of orientational ordering. A scalar quantity is required to identify the spread of the molecules
about the director axis and give information about the degree of order along the director axis. The scalar
quantity is called the order parameter and is used to quantify the long-range orientational order and
to define the degree of alignment in LCs. The order parameter, S, depends on the angle between the
long axis of the rod-like molecule and the director axis; 8,. The order parameter can be mathematically
expressed according to the second order Legendre polynomial as [19]

< 3cos?0, — 1> (1)

N~

where < - > denotes the statistical average. The order parameter has a value in the range of [0,1],
with § = 0 represents the completely disordered LC or the isotropic state and S = 1 represents the
completely ordered state. The order parameter in the range 0 < S < 1 is used to describe the LC in the
partially ordered state. The evanescent wave in the LC will experience an effective refractive index
of [20]
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such that €,s and e, represent the LC ordinary and extraordinary dielectric constants, respectively,
in the partially ordered state. The permittivity in the isotropic state (fully disordered) is given by
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where €, and €| are the ordinary and extraordinary permittivities at the fully ordered state, respectively,
and Ae = €| — € is called the LC dielectric anisotropy. These numbers are usually provided by the
manufacturer in the LC datasheet. k and n are unit vectors representing the direction of the refracted
wave vector inside the LC, and the LC director axis, respectively. Alternatively, in the presence of
biological or chemical agents, these agents will compete with the LC molecules to bind to receptors
near the metal/LC interface, as in Figure 1b. Owing to the collective behavior of molecules forming
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LCs, minor changes in the structure of the surface can be amplified into a significant change in the
director field of the LC. This behavior will deform the current LC alignment and results in a partially,
or even completely, disordered LC film that affects the effective refractive index.
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Figure 1. Typical surface plasmon resonance-liquid crystal (SPR-LC) Sensor with Kretschmann

(b)

Configuration (a) Receptors homeotropically align the LC molecules in the absence of the biological
or chemical agents (b) Biological or chemical agents will compete with the LC molecules to bind to
receptors near the metal /LC interface. As result, the LC film alignment will deform.

2.2. The Analysis

Surface plasmon is the phenomenon of the free electron density oscillation near the surface of
a metal that is in contact with a dielectric material. The boundary of the two materials can support
surface waves if the real parts of the dielectric constants have opposite signs. Let €, and €, be the
electric permittivity of the metal film and the dielectric material, respectively. The surface plasmon
polaritons are exist under the conditions of ¢; > 0 and R[e;,] < 0, with ¢; < —R[ey]|. The other
important condition is that the light should be p-polarized where the electric field lies in the plane of
incidence, and the magnetic field in perpendicular to this plane, i.e., TM polarization.

Recalling Maxwell’s equations

VXE= —jwppuH )
VxH= jweo€rE

where E and H, w, €,, 1o, € and y, are the electric field, magnetic field, the angular frequency,
the free space permittivity, the free space permeability, electric permittivity, and relative permeability,
respectively. The electric permittivity in the metal is a complex quantity, €, = €, = €r + j€,;. Nematic
LCs are commonly known as diamagnetic materials, therefore, their relative permeability is close to
unity [21]. In general, the electric permittivity for the partially ordered LC film is a tensor (e, = €) that
can be expressed as:

€xx €xy €xz
E=| €yx €y €y 6)
€zx €zy €zz
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such that €;; is the dielectric constant experienced by the electric field in the i, j direction and

€xx = €js + SAe(sin? 0 — 1/3)
€22 = €js + SAe(cos? 0 — 1/3) (7)

€yxz = SAesinf cos O

where 6 is the angle between the director axis and the normal on the surface. Let xz be the plane of
incidence and the director axis inside the LC is a planer director (i.e., in the xz plane), such that the
director can be written as

n =sinfX+cosfz (8)

For a TM polarized light wave, the electric field is given by E = Ey X + E, Z and the magnetic field
is H = Hy §, Let the metal/LC interface be the xy plane such that the metal film (medium 1) lies in the
region z < 0 and the LC (medium 2) is in z > 0. Therefore

Hy = Hyioe—kaixe—sz |2 9)

where k; and k,; are the propagation constants in the i-th medium, with i = 1 for Au film and i =2
for LC. Recalling Maxwell’s equations and solving for the electric field in medium 1 gives:

E.. — kzl
x1 —
WEHZE

L. = kxl
z1 — 7
JWELEM

yl
(10)

Hyi

where the solution for the electric field in medium 2 is:

(_kzzezz - jkxzexz)
jweo (€2, — €xx€zz)
(k22€xz + jkxzexx)
. 5 Hy
]weﬂ(exz - €xxezz)

Eywr = y2

EZZ =

The boundary conditions at the interface (xy plane) are H(z = 07) = H(z = 07) and
Ex(z=07) = Ex(z = 0T). Applying these conditions gives

kxi=kn =8 (12)
Let’s call:

k1 =11 13)
ko =1

applying the initial conditions and solving for the surface plasmon existence condition at the metal/LC
interface gives
K1 (Kzezz +jﬁ€xz) -0 (14)
€m (exxezz - e,)z(z)
This result shows that for completely disordered LC state (i.e., LC is in the isotropic phase and
S = 0), then the SPR condition is

K1 K2
- _|_ -
€m €is

=0 (15)
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Applying the Maxwell’s equation V x E = —jwuH in the metal film and solving for x; gives
K7 = B> —ksem (16)

where k, = 271/ A, is the propagation constant in air and A, is the wavelength in air. Now let us apply
the same condition for the LC and solve for «y, this will give

_ —jPexz £ ]\/(ﬁz — k2ezz) (€2, — €xx€zz) (17)

€zz

K2

substitute x; and «; in (14) and solve for the surface plasmon propagation constant ks, = p gives

ke — k 6%1€zz + em(eazgz - exxezz) (18)
i ’ €7, + (€2, — €xx€zz)

The surface plasmon propagation constant is a complex quantity which can be expressed as
ksp = Rksp] + jS[ksp]. The SPR wavelength is then determined by As, = 27/ R[ksp], where the
propagation length is determined by Ls, = 1/23[ksp] [12]. The surface plasmon penetration depth is
defined as the perpendicular (on the interface) penetration at which the wave intensity falls to e~ ! of
the intensity at the interface (the maximum intensity). From (9), (16) and (18), the penetration depth in
the metal film can be written as

_ Mo
T 2m

6%1 + (eyzcz - exxezz)
€7 (€2z — €m)

Om (19)

Moreover, combining (9), (17) and (18) gives the penetration depth in the liquid crystal film as

_ Ao €221/ €3 + (€2, — €xx€22)
2n €xz \/em(exxezz — e;zcz) - e;znezz + (63252 - €xxezz)\/ €2z — €m

The above results show that the propagation constant and the penetration depth depend on the
director axis orientation as well as the order parameter of the LC. As a special case, the surface plasmon
propagation constant for completely disordered LC is

. . €EmE€is
hop (S = 0) = ko [ S0 1)

and the penetration depths in (19) and (20) become

(20)

S

Ao

€m + €js
27

2
€

5(5=0) = (22)

where €; = €, and €; = €;; for penetration depth in the metal and the LC, respectively. The results
in (21) and (22) matches the results for isotropic sensing material as derived in [9]. With two
independent measurements, we can track the director orientation and the order parameter. For instance,
measuring the angle of resonance (polariton angle) and the critical angle will provide information about
the LC profile parameters (i.e., the director and the order parameter). Those parameters can report
whether a biomolecular interaction occurs or not. The polariton angle 05 is the angle of incidence
(at the prism/metal interface, i.e., §; as in Figure 1) when the propagation constant at that interface is
close to the SPR propagation constant, i.e., n1k, sinfs, = ksp. Thus, 5, can be expressed by

—1 |€m (eazcz — €xx€zz + €m€zz) 1/2
€1(€3; — €xx€zz +€5)

(23)

Bsp = sin
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where €1 = n? is the dielectric constant of the prism. This shows that ), is a function of the director
zenithal angle, 6, and the order parameter, S. Another useful measurement is the critical angle for the
extraordinary wave inside the LC, 6., which is obtained from the total internal reflection as

1/2
eosees]

24
€1€xx 4)

e = sin~! [

3. Simulation Results

Figure 2 shows a proposed experimental setup for the discussed SPR-LC sensor. The laser light
is TM polarized with a wavelength A,, while 6; is the angle of incidence at the glass/metal interface.
A change in the structure at the LC/agents interface caused by binding of a chemical or biological
agent or biomolecular interactions is amplified into a significant change in the average molecular
alignment of the LC film. The molecular anchoring energy at the LC/metal interface is assumed to be
weak enough for the anchoring molecules to respond to the deformation in the LC due to the presence
of external stimulus at the LC surface. In homogeneous (planar alignment) LC film, the anchoring
layer can be weakened by exposing ultraviolet radiation to the poly-vinyl-alcohol (PVA) used to align
the LC molecules homogeneously. In homeotropic (vertical alignment) LC film, weak anchoring can be
achieved by treating the metal surface with low concentration solution of cetyltrimethyl-ammonium
bromide (CTAB). In a previous work, Jun et al. have presented a weak homeotropic alignment by using
a low concentration of 0.035% of CTAB/deionized water solution [22]. This change will significantly
drop the reflection coefficient when the angle of incidence is equal to the angle of resonance, 0sp,.
Therefore, to detect the angle of resonance, the angle of incidence is adjusted to achieve the minimum
reflected intensity. Simulation results can be utilized to go back from the measured resonance angle to
deduce the LC parameters.

LC molecules and
biological or \\
chemical agenta
*{‘ /*\*

Polarizer

single-mode fiber p-pﬁlgar:tized |Zl;_ Au La"i ¥¥¥% f¥¢¥¢'

632.9 nm HeNe laser }lb—m-—----------—+  —————

I
50:50 !
beam-splitter 1
I

[

reference beam X
detector

refelected beam
detector

Figure 2. Experimental setup for SPR-LC biochemical sensor.

The following parameters were used in the simulation: Au film with 50 nm thickness and
electric permittivity of €,, = —10.88 — j0.8 at 632.8 nm. The liquid crystal is E7 from Licristal®
(Philadelphia, PA, USA) with extraordinary and ordinary refractive indices of n, = 1.7472 and
1, = 1.5217 at 632.8 nm, respectively. The glass prism has a high refractive index, for example LASF35
from SCHOTT® (Elmsford, NY, USA) has a refractive index of n = 2.01493 at 632.8 nm.

Let us study a case when the LC molecules are homeotropically aligned (molecules are normal on
the metal /LC interface and the director zenithal angle is 6§ = 0°). The reflection spectrum at different
degrees of ordering is shown in Figure 3. In this example, it is shown that the critical angle and the
angle of resonance will be shifted to the left if a reduction in the order parameter occurs; however, the
average director orientation is maintained. As the LC film deforms from homeotropically ordered
to disordered state, the polariton angle is shifted by 12.9°. Therefore, the average order parameter
sensitivity is 0.0775/°. This is an important result in the case when the binding effect causes a reduction
in the degree of ordering with no alteration to the director axis. The spectrum for homogenous LC
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when the degree of ordering change is shown in Figure 4. It is shown that the critical angle and the
angle of resonance will be shifted to the right if a reduction in the order parameter occurs; however,
the average director orientation is maintained. As the LC film deforms from homogeneously ordered
to disordered state, the polariton angle is shifted by 3.3°. Therefore, the average order parameter
sensitivity is 0.303/°. The other possible LC deformation occurs by altering the director and possibly
maintaining the degree of ordering as the example shown in Figure 5. In this example, it is shown
that deforming the director from fully ordered homeotropic alignment (¢ = 0°) to fully ordered
homogeneous alignment (8 = 90°) will significantly drop the critical angle by 11.08° and the polariton
angle by 16.2°. For the parameters used above, the penetration depth in the metal slightly varies in
the range ,, = 26.5+ 0.5 nm when S or 8 change. The penetration depth in the LC can range from
96 nm for perfectly ordered homogenous LC to 124 nm for perfectly ordered homeotropic LC. For LC
in the isotropic state; S = 0, the penetration depth will be 114 nm. For thicker LC films, a deeper
polariton penetration in LC is needed in order to probe the profile of the director and reveal more
accurate measurements. This can be achieved by using a metal film with higher electric permittivity,
for example silver, and a higher wavelength laser.

1

Reflection Spectra
o
[$)]

915 50 55 60 75 80 85 90

65 70
angle of incidence 6,

Figure 3. Reflection Spectra with disordered (S = 0), partially ordered (S = 0.25, 0.50, and 0.75),
and ordered (S = 1) LC film, versus the angle of incidence when the director axis is normal to the
metal film (homeotropic alignment). The polariton angle shifts from 05, = 77.6° to 64.7° when the LC
profile deforms from ordered state to disordered state.

The method discussed in this paper relies on measuring the polariton angle and the critical
angle in monitoring the LC profile. Relaying only on the polariton angle can be misleading in some
cases. For example, disordered LC film and perfectly ordered LC film with the director making
60° with the normal, both have the same polariton angle 6s, = 64.7°. The difference between both
reflection spectra is in the critical angle. The critical angle for first case is 6. (S = 0) = 52.6° where
the critical angle for the second case is 6,(S = 1,0 = 60°) = 51.7°. Another example to clarify
this ideas is for two partially ordered cases that have the same polariton angle 65, = 66.55° when
(S = 0.25,60 = 45°) and (S = 0.75,0 = 550). The difference between both spectra is the critical
angle, 6.(S = 0.25,60 = 45°) = 53° and 6.,(S = 0.75,60 = 55°) = 52.55°. These two examples
show how relaying on the polariton angle only can reveal misleading interpretation about the LC
profile deformation.
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Figure 4. Reflection Spectra with disordered (S = 0), partially ordered (S = 0.25, 0.50, and 0.75),
and ordered (S = 1) LC film, versus the angle of incidence when the director axis is parallel with the
metal film (homogeneous alignment). The polariton angle shifts from 65, = 61.4° to 64.7° when the LC
profile deforms from ordered state to disordered state.
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Figure 5. Reflection Spectra with Ordered LC (S = 1) versus the angle of incidence. The polariton
angle shifts from 605, = 61.4° to 77.6° when the director axis rotate from homogeneous to homeotropic.

4. Conclusions

An optical transduction mechanism that utilizes surface plasmon resonance phenomenon in
tracking the LC profile in partially ordered LC sensors is presented. This work has proven that
measuring the critical angle and the angle of resonance can provide information about the LC ordering
degree as well as the director axis orientation. Explicit treatment of the order parameter is critical
when trying to differentiate between a change in alignment and a degradation of alignment in LC in
response to the presence of external stimulus. When a reduction in ordering occurs, ignoring the order
parameter can produce misleading results. Numerical examples with different alignments and degree
of ordering are presented.
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